INTRODUCTION
============

The eukaryotic membrane trafficking system is a network of interconnected organelles, each maintaining distinct protein and lipid compositions. Bidirectional membrane trafficking in all eukaryotic cells can be thought of as originating either at the endoplasmic reticulum (ER), for anterograde or secretory traffic, or at the plasma membrane for retrograde or endocytic traffic ([@B6]). Whereas some other eukaryotic organelles are derived from ancient symbioses (e.g., mitochondria and plastids, with α-proteobacteria and cyanobacteria, respectively), the membrane trafficking system is believed to have arisen autogenously ([@B51]). How a complex network of organelles can arise from a cellular configuration with little to no subcompartmentalization is one of the largest remaining questions in evolutionary biology.

The organelle paralogy hypothesis (OPH) proposes an evolutionary mechanism to explain the complexity of membrane-trafficking organelles ([@B21]). The process of membrane trafficking is divided into two essential phases: vesicle formation, whereby cargo destined for transport are selected and packaged into membrane-bound vesicular carriers, and vesicle fusion, whereby the vesicles fuse and deliver their cargo to target organelles ([@B86]). Each of these processes depends on molecular components that are increasingly well understood, although far more complicated than originally envisioned. Although first described in animal and fungal model organisms, comparative genomic and phylogenetic analyses have demonstrated the conservation of much of the molecular machinery responsible for vesicle formation and fusion in diverse eukaryotes and by deduction in the last eukaryotic common ancestor (LECA) ([@B22]). The basis of the OPH is the observation that a limited number of paralogous protein families govern the major steps of membrane trafficking, with different paralogues from each family carrying out essentially the same functions at different steps along the route. The OPH postulates that gene duplication, followed by sequence divergence and coevolution of interacting members of different families to create preferential partnerships between organelle-specific paralogues, would have facilitated the emergence of novel organelles ([@B21]).

Regulatory GTPases control or modulate a wide array of cellular systems and are central to cellular responses to extracellular stimuli, maintenance of homeostasis, and communication between different parts of the eukaryotic cell ([@B14]). A critical element of the vesicle formation process is the action of ADP-ribosylation factors (ARFs) and their regulators ([@B47]; [@B23]). ARFs are ∼21 kDa, monomeric GTPases that nucleate vesicle formation on organellar membranes ([@B49]). Like all regulatory GTPases, ARFs cycle between active GTP-bound and inactive GDP-bound states. This cycling is mediated by two classes of regulatory proteins. ARF guanine nucleotide exchange factors (ARF GEFs) activate ARF signaling by increasing the rate of release of bound GDP from its target GTPase, resulting in a GEF-(apo) GTPase intermediate that dissociates on the binding of GTP ([@B80]; [@B93]; [@B9]). ARF GTPase-activating proteins (ARF GAPs) bind specifically to the activated (GTP-bound) form of ARFs, increase the rate of GTP hydrolysis, and thereby can terminate ARF signaling ([@B48]; [@B84]; [@B89]). GAPs and GEFs are important components of ARF signaling pathways as ARFs release GDP very slowly in the absence of a GEF and hydrolyze them either not at all or very slowly in the absence of a GAP. GEFs are the initiators of this essential signaling and as such play fundamental roles in an equally large fraction of all cell biology ([@B14]). GEFs act on specific subsets or families of regulatory GTPases and themselves comprise several families and subfamilies. ARF GAPs also, somewhat paradoxically, typically serve as effectors as well as signal terminators ([@B94]; [@B27]). Thus, these modulators are essential components that provide temporal and spatial resolution to signaling by this essential family of regulatory GTPases.

In animals, there are six ARF paralogues (ARF1-6) that share a high degree (\>65%) of primary sequence identity. The LECA has been reconstructed to have possessed only a single ARF ([@B57]). Similarly, comparative genomic analyses sampling the breadth of eukaryotes allowed the discrimination of 11 subfamilies of ARF GAPs, of which six were present in the LECA, two were animal-specific, one was opisthokont-specific, and one was lost in opisthokonts ([@B79]). To gain a more complete understanding of the evolution of the ARF system, a complementary analysis of the ARF GEFs is needed.

ARF GEFs have been identified, and in fact are defined, by the presence of the Sec7 domain ([@B11]; [@B13]). Note that, while we use the terms ARF GEF and Sec7 domain-containing proteins interchangeably herein, only a very few of the proteins analyzed have been shown to possess ARF GEF activity, and the specificities of even those for different GTPases are incompletely characterized. Given the size and complexity in domain organization among the ARF GEFs, it is quite likely that at least some have other activities and functions in cells, although this issue is not explored further here. In addition, the presence (or absence) of domains outside Sec7 have been shown to play critical roles in regulating the GEF activity, in recruitment of the protein to its site of action, and in binding to lipids and other proteins ([@B10]; [@B9]; [@B62]; [@B91]). There remains much unexplored diversity in domain organization and this comparative genomics analysis is the first step to uncovering novel ARF GEF function(s).

The Sec7 domain is ∼200 amino acid residues in length, encodes the nucleotide exchange activity, and is the target of the fungal toxin brefeldin A (BFA) ([@B75]). BFA is used extensively in the functional dissection of ARF pathways as it is membrane-permeant, rapidly acting, readily reversible, and appears to be a specific inhibitor of a subset of ARF GEFs that act at the Golgi ([@B34]). The mechanism of BFA action involves its stabilization of an ARF-GDP-Sec7 domain complex and structural studies identified the key residues within the Sec7 domain that determine its sensitivity or resistance to BFA ([@B74]), a basis on which the six animal ARF GEFs have been classified.

The paradoxically named Golgi BFA-resistant factor 1 (GBF1) is in fact *sensitive* to BFA but was first cloned in a screen that overexpressed the protein and conferred BFA resistance to the cells ([@B17]). GBF1 has previously been shown to be pan-eukaryotic ([@B19]; [@B8]). GBF1 is involved in the ARF-dependent recruitment of COPI to the *cis*-Golgi and the ERGIC (ER-Golgi intermediate compartment) and is able to interact with both class I (ARF1-3) and class II (ARF4, 5) ARFs in mammalian cells ([@B95]; [@B7]; [@B45]). In *Arabidopsis thaliana*, the GBF1 homologue GNOM localizes to endosomes ([@B37]). Rather than this representing differences in GBF1 functions between organisms, it is likely that GBF1 (and perhaps all ARF GEFs) localizes to multiple sites in cells and that the fractional occupancy at any one site differs between organisms or cell types. The other subfamily of BFA-sensitive ARF GEFs is the aptly named BFA-inhibited GEFs (BIGs). BIGs have also been found in diverse eukaryotic taxa ([@B19]; [@B8]; [@B68]) and are involved in regulating ARF-dependent trafficking at the *trans*-Golgi network (TGN) and at recycling endosomes ([@B81],[@B82]). GBF1 and BIG proteins in animals possess characteristic domain organizations ([Figure 1](#F1){ref-type="fig"}). Dimerization and cyclophilin binding (DCB) and homology upstream of Sec7 (HUS) domains are found upstream of the Sec7 domain, and homology downstream of Sec7 (HDS) 1, 2, and 3 are downstream of the Sec7 domain in both proteins, while an additional HDS (HDS4) is present in BIGs ([@B68]).

![Ancestral configuration of domains in the ARF GEF subfamilies. Conserved domains present in and that help define each ARF GEF subfamily are shown. These represent the configurations likely found in the ancestral sequence of each subfamily. The domain organization of ARF GEF proteins found in the human proteins is conserved across the entire distribution of each subfamily and represents the domains present in the earliest ancestor of each subfamily. Dotted representation of the cytohesin PH domain indicates frequent independent loss of this domain. Non-opisthokonta ARF GEFs, TBS and ARCC, are also shown, based on their consistent distribution in multiple amoebozoan and SAR lineages. Ank, Ankyrin repeat; DCB, dimerization and cyclophilin-binding domain; F-box, F-box domain; HDS1, homology downstream of Sec7 1; HDS2, homology downstream of Sec7 2; HDS3, homology downstream of Sec7 3; HDS4, homology downstream of Sec7 4; HUS, homology upstream of Sec7; IQ, IQ motif; PH, pleckstrin homology domain; Sec7, Sec7/ARF GEF catalytic domain; TBC, Tre-2/Bub2/Cdc16 Rab GTPase domain. Linear depictions of each subfamily and domains are not drawn to scale, with approximate lengths indicated on the right. The number of Ank repeats varies, as indicated.](mbc-30-1846-g001){#F1}

The BFA-resistant subfamilies of GEFs are the cytohesins, the BFA-resistant ARF GEFs (BRAGs, also known as IQSEC7 \[IQ and Sec7 domain-containing\]), exchange factor for ARF6 (EFA6), and F-box only protein 8 (FBX8). Some cytohesins have previously been named ARF guanine nucleotide site opener ([@B11]) or general receptors for phosphoinositides 1; herein, we exclusively use the term cytohesin. Because the BRAG terminology is more prominent in the literature than is IQSEC7, we will occasionally use both (BRAG/IQSEC7) for clarity. Similarly, we prefer the EFA6 nomenclature to that of PSDs (*P*H and *Sec7 D*omain), as it is far more common in the ARF GEF field, and the acronym PSD is also used for the unrelated protein phosphatidylserine decarboxylase. Cytohesins localize primarily to the cell periphery, where they act as GEFs to activate several ARFs, most notably perhaps ARF6, but also others by recruitment of the ARFs to the plasma membrane via their PH domains ([@B60]; [@B18]). At the plasma membrane they are involved in the docking and fusion of secretory granules, the endocytosis of G-protein coupled receptors, and have important roles in integrin-mediated cell adhesion and movement ([@B16]; [@B36]; [@B59]). Cytohesins and IQSEC7s have each been identified in metazoa with the latter only found there ([@B19]). IQSEC7s localize to the plasma membrane where they regulate the endocytosis of specific cargo and interact with ARF6 (e.g., β-integrins; [@B83]; [@B25]). EFA6 proteins are also localized to the plasma membrane and interact with both ARF1 and ARF6, serving to coordinate endocytosis, cytoskeletal dynamics, and maintenance of cellular junctions ([@B33]; [@B32]; [@B60]; [@B55]; [@B71]). Cytohesins, EFA6, and IQSEC7s share the domain architecture of a Sec7 domain followed by a C-terminal PH domain, with IQSEC7s also possessing an N-terminal characteristic IQ domain ([Figure 1](#F1){ref-type="fig"}). FBX8 is probably the least understood ARF GEF. It functions as part of a multisubunit ubiquitin-ligase complex, resulting in the suppression of ARF6 activity through its ubiquitination and subsequent degradation ([@B52]; [@B19]; [@B92]). It is also unique in possessing an F-box domain N-terminal to the Sec7 domain, but no additional C-terminal domains ([Figure 1](#F1){ref-type="fig"}).

A phylogenetic analysis of ARF GEFs was published previously ([@B19]), although at that time far fewer genomes had been sequenced and thus those analyses were performed on a far smaller collection of proteins from fewer species. Here, we have taken advantage of the large number of sequenced eukaryotic genomes to carry out detailed comparative genomic and phylogenetic analyses of Sec7 domain-containing proteins.

RESULTS
=======

Comparative genomic analysis of ARF GEF proteins identifies three subfamilies present in the LECA
-------------------------------------------------------------------------------------------------

Previous phylogenetic analyses of the ARF GEF family were largely restricted to model organisms belonging to the supergroup opisthokonta ([@B19]) or to a subset of the ARF GEFs known at that time ([@B8]). To establish the range of eukaryotes in which each ARF GEF subfamily is found, we searched for proteins carrying the Sec7 domain in a representative set of 77 eukaryotic genomes from organisms that span the full taxonomic breadth of eukaryotes (Supplemental Table S1). The phylogenetic placement of these lineages on the eukaryotic tree of life is supported by numerous robust phylogenomic studies and previously described, unique lineage-specific morphological and molecular adaptions exist which define each major lineage ([@B2]).

We identified a total of 506 Sec7 domain-containing proteins (Supplemental Table S2). These proteins were initially classified based on the reciprocal best hit (RBH) method using the five-order and two-order e-value criteria for classification as reported in our previous analysis of ARF GAPs ([@B79]). These criteria require that a BLAST query retrieve a member of one of the human subfamilies as its top hit with an e-value at least two orders, or more stringently five orders, of magnitude better than the top sequence of the next best subfamily. This adds a level of additional rigor to the standard RBH protocol that is based solely on top reciprocal hit. Initial classification was further aided by additional domain analyses using the full-length sequences. For example, this allowed for further classification of BIG and GBF1 family members based on the presence of DCB, HUS, and HDS domains, or of cytohesins if the protein contained one or more C-terminal PH domains. Other domains were diagnostic for ARF GEFs IQSEC7 or FBX8: if a C-terminal PH and N-terminal IQ motif or F-box domains were present, respectively. C-terminal PH or Tre-2/Bub2/Cdc16 (TBC) domains sorted proteins into EFA6 or TBS (*TBC*-*Sec7*) proteins, respectively ([@B68]). This sorting into the previously described subfamilies proved to be unambiguous, because although there were instances where domains were absent, no Sec7-domain-containing proteins were found to have different combinations of these other domains, with the exception of the ankyrin (Ank) repeat-containing cytohesin (ARCC) subfamily described below.

Of the 506 Sec7 domain-containing sequences identified, 480 were readily classified into one of the six ARF GEF subfamilies found in humans based on the criteria just described. The remaining 26 Sec7 domain-containing sequences could not be confidently ascribed to a specific subfamily in this way. To mitigate the evolutionary distance between the taxa in question and *Homo sapiens*, subsequent analysis using the same criteria but using the non-redundant (nr) database at the National Center for Biotechnology Information (NCBI) as the database for the reverse BLAST search allowed classification of 16 additional proteins as putative BIG, GBF1, or cytohesin, leaving the 10 remaining proteins as unclassified "Rogues" or as hypothetical proteins within the genomes. Subsequent phylogenetic analyses, based on RBH top hit retrieval, allowed resolution of three more proteins that were eventually determined to be fungal Syt proteins (see below), leaving only seven Sec7 domain proteins that failed to reciprocally retrieve any ARF GEF from *H. sapiens* or lineages deposited in the NCBI nr database. The presence or absence of ARF GEF subfamilies found across eukaryotes is shown in [Figure 2](#F2){ref-type="fig"}.

![Coulson plot depicting distribution of ARF GEF subfamilies across eukaryotic taxa. Three ARF GEF subfamilies are present in at least four eukaryotic supergroups, indicating their presence in the LECA. Opisthokonta-specific families include EFA6, IQSEC7, and FBX8. EFA6 is found only in holozoa and fungi, with numerous paralogues present in both lineages. FBX8 is specific to the metazoa but is missing from some early-diverging animals. Large taxonomic groups are color coded. Sectors with solid colors indicate orthology based on a combination of RBH, domain structure, and phylogenetic analyses while light colors indicate putative orthology. The presence of multiple paralogues are indicated by numbers within each sector. The key for the species name abbreviations is boxed. The total number of Sec7 domain-containing proteins identified in each organism is indicated in brackets. Eukaryotic classification is based on [@B2].](mbc-30-1846-g002){#F2}

Representatives of BIG, GBF1, and cytohesin subfamilies were found across a wide array of eukaryotes. BIGs and GBF1s were found in all major eukaryotic lineages, whereas cytohesins were also widely distributed but slightly less universal in their distribution and with independent losses frequently occurring at various points within individual lineages ([Figure 3](#F3){ref-type="fig"}). These results demonstrate that at least three subfamilies (GBF1, BIG, and cytohesin) were present in the LECA.

![Gain and loss of other domains among the Sec7 domain-containing subfamilies in eukaryotes. (A) The tree of eukaryotes depicting the ARF GEF subfamilies and domains present in the LECA, as well as gains and losses of additional domains and subfamilies. To ensure confidence in the predictions, losses are only proposed when two instances of loss have occurred in the relevant lineage. The open symbol depiction of the ARCC and TBS and their corresponding Ank-repeat and TBC-N domains, respectively, depicts putative origins of these families in the haptophyte *E. huxleyi*, alveolata, and amoebozoa. Phylogenetic analyses point toward the convergent evolution of these families with the acquisition of Ank repeats in amoebozoa, haptophytes and alveolates, and TBC-N domain in haptophytes and alveolates independently. (B) Gain and loss of ARF GEF subfamilies and domains in opisthokonts. The symbol legend is shown in the inset in B.](mbc-30-1846-g003){#F3}

Intrasubfamily duplications occurring prior to the LECA still remained a possibility, meaning that more than one paralogue of these subfamilies might have been present in the LECA. In an attempt to determine how many BIG, GBF1, and cytohesin proteins were present in the LECA, separate phylogenetic analyses of each family were carried out. Initially, a Sec7-only phylogeny with both GBF1 and BIG was carried out. However, no backbone resolution was observed (data available on request) and tree building for BIG and GBF1 sequences were carried out separately, again using the Sec7 domain (Supplemental Figure S1). Our analyses found no evidence of pre-LECA gene duplications for BIG (Supplemental Figure S1A), GBF1 (Supplemental Figure S1B), or cytohesin (Supplemental Figure S2), suggesting that only one copy of each of these genes was present in the LECA. Interestingly, we also observed vertebrate-specific expansions in both the BIG (Supplemental Figure S1A) and cytohesin subfamilies (Supplemental Figure S2B), whereas GBF1 (Supplemental Figure S1B) has remained as the sole member of its subfamily. Notably, we also observed that cytohesins were lost near the base of the archaeplastida and are found only in the basal archaeplastidan lineage Cyanophora (a glaucophyte algae), as well as the cryptophyte algae *Guillardia theta*, a representative from a major eukaryotic lineage which may share a relationship with the archaeplastids ([Figure 2](#F2){ref-type="fig"}).

We also performed a phylogenetic analysis of full-length sequences of BIG and GBF1 together in order to validate the orthologue classifications as the proteins share predominantly common domain architectures. The results from these analyses showed two separate and well-supported clades (clade support 0.99/97/99 by MRBAYES, RAxML, and IQTREE) ([Figure 4](#F4){ref-type="fig"}). This also clearly implies that there are distinct residues in each of the non-SEC7 domains that distinguish GBF1 and BIGs from one another (alignment available on request). Given that the functions of these domains are unknown, the distinguishing residues might be a jump-off point for future molecular cell biological analysis. We observed expansions in GBF1 within embryophytes (Supplemental Figure S1B) and in BIGs in the Viridiplantae (Supplemental Figure S1A; [Figure 5](#F5){ref-type="fig"}). Together with the loss of cytohesins in the archaeplastida, these expansions represent an evolutionary remodeling of the ARF GEF signaling system in this major lineage of eukaryotes.

![Phylogenetic resolution of pan-eukaryotic BIG and GBF1 families revealed that a single paralogue of each was present in the LECA. The BIG and GBF1 clades were well resolved as separate but without internal structure, suggesting the presence of a single BIG and a single GBF1 pre-LECA. Notably, single well-supported clades of major eukaryotic lineages were found for both BIG and GBF1. The best Bayesian topology is shown. Numerical values represent Bayesian posterior probabilities (MRBAYES)/maximum-likelihood non-parametric bootstrap values (RAxML)/ultrafast bootstrap values (IQTREE). Nodes of interest are in bold. Values for other supported nodes have been replaced with symbols: closed dark circle ≥0.99/95/99, closed light circles ≥0.95/75/97, and open circles ≥0.80/50/95.](mbc-30-1846-g004){#F4}

![Phylogenetic analysis of BIG proteins in archaeplastida. Phylogenetic analysis of identified archaeplastid BIG paralogues robustly supports a duplication of BIG at the base of the Viridiplantae. The best Bayesian topology is shown. Numerical values represent Bayesian posterior probabilities (PhyloBayes)/maximum-likelihood non-parametric bootstrap values (RAxML)/ultrafast bootstrap values (IQTREE). Abbreviation: f.k.a., formerly known as. Nodes of interest are in bold. Values for other supported nodes have been replaced with symbols: closed dark circles ≥0.99/95/99, closed light circles ≥0.95/75/97, and open circles ≥0.80/50/95.](mbc-30-1846-g005){#F5}

From our analyses of GBF1 and BIG proteins, including our manual inspection of alignments containing both BIG and GBF1 sequences ([Figure 4](#F4){ref-type="fig"}), we found their domain organization to be highly conserved across eukaryotes, suggesting its presence in the LECA (Supplemental Table S2; [Figure 1](#F1){ref-type="fig"}). The only notable exception is the loss of the HUS domain in GBF1 proteins from the excavates ([Figure 3A](#F3){ref-type="fig"}). The only significant and conserved difference in domain organization between the two ARF GEF subfamilies is that all identified BIG orthologues possess the characteristic HDS4 domain with no lineage-specific losses of this domain while the HDS4 domain was absent in all pan-eukaryotic GBF1 paralogues identified (Supplemental Table S2). Of note, BLAST searches could not identify the HUS or HDS domains in any protein families other than the GBF1 and BIGs. The conservation of the non-SEC7 domains of these two proteins subfamilies, in both their organization and their near ubiquity, raises questions about their origins and function in eukaryotes that are beyond the scope of this work, but certainly of interest.

This conservation is in striking contrast to the domains found in the cytohesin-derived ARF GEFs. Cytohesins are characterized by a PH domain C-terminal to the Sec7 domain (Supplemental Table S2; [Figure 1](#F1){ref-type="fig"}). This organization is observed in the span of identified cytohesin proteins, albeit with more sporadic conservation of the PH domain in many organisms (Supplemental Table S2; [Figure 1](#F1){ref-type="fig"}), as compared with the strict conservation of the PH domain when present in other subfamilies (EFA6, TBS, and ARCC). In cytohesins, this PH domain is critical for recruitment to membranes and binding to specific phospholipids so one might speculate that differences in the lipid composition of membranes among species could contribute to this less stringent conservation of the PH domain in the cytohesins ([@B53]; [@B72]; [@B54]; [@B20]; [@B70]).

Phylogenetic analyses of the opisthokonta-restricted ARF GEFs reveal multiple cytohesin-derived expansions
----------------------------------------------------------------------------------------------------------

In contrast to the three most broadly conserved subfamilies (BIG, GBF1, and cytohesin), we observed only proteins from the other three previously described subfamilies of ARF GEFs (EFA6, IQSEC7/BRAGs, and FBX8) in genomes from the opisthokonta supergroup, the eukaryotic supergroup consisting of animal and fungal lineages. Previous studies have proposed EFA6 to be present only in metazoa (vertebrates and invertebrates) ([@B19]). However, in that same analysis, the *Saccharomyces cerevisiae* Syt1p and Yel1p proteins were also speculated to be fungal EFA6 homologues because of a region of high sequence similarity and overall domain architecture shared with EFA6 ([@B19]; [@B38]). Our homology searches using EFA6 queries found orthologues in animals and in fungi (Syt1 and 2), the latter regularly retrieved *H. sapiens* EFA6/PSD proteins as top reciprocal BLASTp hits (Supplemental Table S2) supporting the previously hinted at orthology between these two protein families ([@B19]). This result was further validated by our phylogenetic analysis ([Figure 6A](#F6){ref-type="fig"}). Therefore, we hereby demonstrate that the EFA6 subfamily encompasses PSDs in metazoa and Syts in fungi as well as orthologous sequences from opisthokont taxa and that the EFA6 subfamily likely originated at the base of the opisthokonta ([Figure 3A](#F3){ref-type="fig"}). Subsequent independent duplications in the metazoa and fungi gave rise to PSD 1--4 and Syt 1--2, respectively ([Figure 6A](#F6){ref-type="fig"}; see below).

![Phylogenetic analyses of the opisthokont-specific cytohesin-derived proteins. (A) Phylogeny of the opisthokonta EFA6/PSD, IQSEC7, and cytohesin (CYTH) proteins reveal evolutionary origins of the IQSEC7 subfamily from cytohesins at the base of filasterea. Additionally, the tree shows support for the monophyly of the holozoan EFA6/PSD proteins and Fungal Syt proteins suggesting common evolutionary origins of the EFA6 family at the base of opisthokonta. (B) Phylogeny of the amorphea (Amoebozoa and Opisthokonta) IQSEC7, cytohesin, and FBX8 proteins analysis supports the conclusion that FBX8 proteins evolved from IQSEC7s in holozoa. The best Bayesian topology is shown. Numerical values represent Bayesian probabilities (PhyloBayes)/maximum-likelihood non-parametric bootstrap values (RAxML)/ultrafast bootstrap values (IQTREE). In both instances, nodes of interest are in bold. Values for other supported nodes have been replaced with symbols: closed dark circle ≥0.99/95/99, closed light circles ≥0.95/75/97, and open circles ≥0.80/50/95.](mbc-30-1846-g006){#F6}

By contrast, our comparative genomic analyses of the IQSEC7/BRAG proteins showed a more restricted distribution within holozoa, a lineage consisting of filasterea (single-celled, basal branching, relatives of animals), invertebrates, and vertebrates, suggesting origins of this subfamily prior to filasterea but following the split from fungi ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Last, the FBX8 subfamily is the most restricted in its distribution of the identified ARF GEFs, being found only in vertebrates and a subset of invertebrates, while it is missing from others (*Trichoplax adhaerens, Amphimedon queenslandica, Caenorhabditis elegans,* and *Drosophila melanogaster*) ([Figures 2](#F2){ref-type="fig"} and [3B](#F3){ref-type="fig"}). Notably, the presence of an FBX8 orthologue in spiders (*Parasteatoda tepidariorum*) confirms the independent loss in *D. melanogaster*.

To determine from which of the pan-eukaryotic subfamilies each of these opisthokont or metazoan-specific proteins arose, we relied on information derived from the RBH analysis, as described under *Materials and Methods*. Specifically, we investigated which subfamily was returned as the next best hit after the orthologous protein was retrieved. In all cases, human cytohesins were the top scoring candidates retrieved, consistent with the cytohesins as the precursor to these other subfamilies. This is also consistent with the similarity in domain architecture between EFA6, IQSEC7 and cytohesins in all possessing C-terminal PH domains ([Figure 1](#F1){ref-type="fig"}). This was not the case for FBX8, as it shares no domains other than Sec7 with cytohesin, BIG, or GBF1 ([Figure 1](#F1){ref-type="fig"}). Thus, our data indicate not only that cytohesins were present in the LECA but also that they are the likely progenitors of three other subfamilies that emerged in opisthokonts (IQSEC7/BRAG, EFA6, and FBX8) and share similarities in domain organization, while being clearly distinct in origin and domain organization from GBF1 and BIGs.

To further investigate the timing and provenance of these putative cytohesin-derived subfamilies, we undertook additional phylogenetic analyses. The distribution of EFA6 proteins in both holozoa (filasterea and metazoa) and fungi, as well as the presence of multiple paralogues in each of these lineages, prompted further investigations to determine when these duplications took place. Our phylogenetic analyses show that the fungal and the holozoan EFA6 proteins are related to one another forming a separate monophyletic clade (clade support 1.0/100/100 by PhyloBayes, RAxML, and IQTREE; [Figure 6A](#F6){ref-type="fig"}). This suggests that an ancestral duplication event from an opisthokont cytohesin protein took place to yield the subfamily, EFA6. Additionally, we found that fungal EFA6 underwent a duplication to yield proteins Syt1 and Syt2 and an expansion within the holozoa ([Figure 7A](#F7){ref-type="fig"}). The EFA6 subfamily (called PSD in animals) underwent duplications to yield paralogues PSD1--4 in vertebrates, including in humans ([Figures 6A](#F6){ref-type="fig"} and [7A](#F7){ref-type="fig"}).

![Phylogenetic examination of holozoan cytohesin-derived family paralogues reveals multiple expansion events. (A) Phylogeny of the holozoan and fungal EFA6 proteins identify two separate clades. A duplication event in the EFA6 proteins at the base of opisthokonta yields holozoan PSD proteins and fungal Syt proteins. Further duplications in the EFA6/PSD subfamily have occurred with the transition into metazoa to yield PSD1-4 and in the fungal Syt to yield Syt1 and Syt2. (B) Phylogenetic analysis of IQSEC7 paralogues from holozoa was carried out to determine when the duplication events producing the three vertebrate paralogues occurred. The analysis reveals two duplications at the base of vertebrates, resulting in three paralogues, with IQSEC7 3/BRAG3 diverging first, followed by IQSEC7 1/BRAG1 and IQSEC7 2/BRAG2. The best Bayesian topology is shown. In both instances, numerical values represent Bayesian probabilities (PhyloBayes)/maximum-likelihood non-parametric bootstrap values (RAxML)/ultrafast bootstrap values (IQTREE). Nodes of interest are in bold. Values for other supported nodes have been replaced by symbols: closed dark circle ≥0.99/95/99, closed light circles ≥0.95/75/97, and open circles ≥0.80/50/95. The tree was rooted at filasterean IQSEC7 sequences.](mbc-30-1846-g007){#F7}

Based on its taxonomic distribution and domain structure, the IQSEC7/BRAG subfamily could have been derived from either cytohesin or EFA6. However, our phylogenetic analyses reveal that IQSEC7 originates as a single orthologue at the base of holozoa, giving rise to the IQSEC7 family, forming a sister clade within the tree to the clade of opisthokont EFA6 sequences ([Figure 6A](#F6){ref-type="fig"}). This means that it is derived from cytohesin directly and not from holozoan EFA6. Cytohesins were also separately expanded to yield cytohesins 1--4. Additionally, an expansion within the IQSEC7 subfamily in metazoan lineages yields three paralogues, IQSEC1, IQSEC2, and IQSEC3 ([Figures 6B](#F6){ref-type="fig"} and [7B](#F7){ref-type="fig"}). Finally, we show that FBX8 arose from a duplication event within IQSEC7s at the base of invertebrates (tree support of 0.82/50/92 by PhyloBayes, RAxML and IQTREE, respectively; [Figure 6B](#F6){ref-type="fig"}). Our RBH analyses of FBX8 proteins consistently retrieve *H. sapiens* IQSEC7s as top non-orthologous hits (Supplemental Table S2), despite lacking shared domains other than Sec7. The duplication event that gave rise to FBX8 was accompanied by significant domain modification whereby a loss of the canonical IQSEC7 IQ domain was replaced with an F-box domain. The acquisition of this domain is correlated with a distinctive gain of function, as FBX8 is thought to function in ubiquitination of ARF6 via the interaction of its F-box domain with the SCF ubiquitin E3 ligase complex ([@B92]). Unlike the EFA6/PSD and IQSEC7 proteins, which underwent duplications to yield multiple paralogues, only single copies of the FBX8 proteins were identified in vertebrates. Thus, the FBX8 subfamily provides yet another example of flexibility within the cytohesin family to undergo modifications and acquire new functions.

In analyzing the EFA6 homologues, the PH domain was included in the sequences used as search queries to help with the classification, potentially biasing our analysis against observing EFA6 sequences lacking the PH domain. Acknowledging this caveat to the analysis, nonetheless, we did not find any candidate EFA6 orthologues that did not possess a PH domain, even at a low e-value cutoff, which we did observe for cytohesin. By contrast, only the Sec7 and PH domains were used to classify the IQSEC7 and FBX8 proteins, allowing for an analysis of other domain architectures within these proteins without this potential bias. We found that the majority of the proteins classified as IQSEC7s possess identifiable N-terminal IQ- motif and C-terminal PH domains. Similarly, all FBX8 orthologues also possess F-box domains N-terminal to the Sec7 domain (Supplemental Table S2).

Comparative genomics of the unclassified ARF GEF proteins identify two subfamilies of cytohesin-derived proteins found exclusively in lineages outside of the animal and fungal model systems
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The identification of clear lineage-specific ARF GEF subfamilies in the opisthokonta and holozoa, as well as the presence of Sec7 domain-containing proteins within the amoebozoa and SAR lineages that remained unclassified, prompted us to question whether these might represent additional lineage-specific subfamilies. Investigation of domain architecture in this collection identified additional domains that served as distinguishing hallmarks allowing further analyses and classification into two subfamilies, the previously described TBS and the newly proposed ARCC subfamilies ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}).

The TBS subfamily ([@B68]) is characterized by a Sec7 domain followed by a PH and TBC Rab GAP domain ([Figure 1](#F1){ref-type="fig"}). The TBC Rab GAPs regulate the activity of Rab GTPases and at least 10 TBC subfamilies were present in the LECA ([@B35]). The TBS ARF GEF subfamily was first identified in the ciliates *Paramecium tetraurelia* and *Tetrahymena thermophila,* as well as the apicomplexan *Cryptosporidium,* and consequently predicted as alveolate-specific ([@B68]). Our data confirm this prediction with orthologues in all sampled apicomplexan except Plasmodium and report a similar domain fusion in the haptophyte, *Emiliania huxleyi*. We also supplemented our sampling of alveolates for this protein only and were able to identify clear TBS proteins in the genome of the dinoflagellate *Perkinsus marinu*s. Examination of the *Toxoplasma gondii* (ToxoDB) and *Cryptosporidium* (CryptoDB) databases found transcriptomic and proteomic support for these proteins being expressed in those organisms. Top-next BLAST hit analysis shows that TBS proteins are derived from cytohesins and phylogenetic analysis of the Sec7 domain shows that these have arisen at least twice independently, once in the alveolates and once in *E. huxleyi* (Supplemental Figure S3A). To pinpoint the origin of the TBC domain in the TBS protein, phylogenetic analysis of the TBC domain was also performed and showed that the fused domain is derived from a duplication of TBC-N, one of the 10 previously described LECA-specific TBC proteins ([@B35]). This analysis was also consistent with the suggestion that there were at least two independent fusions of a Sec7 and TBC-N domain as the TBC portion of TBS proteins from alveolates grouped together and to the exclusion of *E. huxleyi* (Supplemental Figure S3B).

Finally, our searches using protein queries with the Sec7 domain identified an additional set of ARF GEFs, which RBH analysis classified as cytohesins. This subset, however, possessed a novel domain architecture, consisting of N-terminal Ank repeat domains the Sec7 domain and a C-terminal PH domain and were found only in amoebozoa, alveolata, and the haptophyte *E. huxleyi* ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). We designate this subset of proteins as ARCCs. The presence of Ank repeats in these proteins, identified in these evolutionarily distant lineages, prompted an in-depth analysis of those repeats. We identified amoebozoan lineages to possess five to seven Ank repeat domains while *E. huxleyi* and alveolate lineages possessed a maximum of two Ank repeat domains (Supplemental Table S2), clearly distinguishing these proteins. To further investigate whether these are orthologous proteins with subsequent losses occurring in other supergroups, we carried out additional analyses. Alveolate and haptophyte ARCCs failed to retrieve amoebozoan ARCCs as reciprocal hits and vice versa in BLASTp searches, suggesting independent emergence of these proteins. Furthermore, analysis of cytohesin and ARCC proteins shows moderate support separating these into two independent clades of alveolate and haptophyte sequences (Supplemental Figure S4). Hence, while it is still technically possible that these proteins in alveolates and haptophytes could be the result of a fused precursor that was lost in stramenopiles and rhizarians, by far the most parsimonious explanation for the origins of these families is independent innovations at the base of amoebozoa, alveolates, and haptophytes, respectively ([Figure 3](#F3){ref-type="fig"}A). Investigation of the relevant public databases (e.g., CryptoDB, CilliateDB, and dictyBase) also showed transcriptomic and proteomic support for ARCC proteins (Supplemental Table S1). On the basis of the presence of the canonical C-terminal PH domain and the RBH analyses, as well as phylogenetic analyses, we conclude that the ARCC proteins represent a novel category of cytohesin-derived ARF GEFs present in diverse eukaryotic lineages ([Figure 1](#F1){ref-type="fig"}).

DISCUSSION
==========

Here we have presented a comprehensive molecular evolutionary analysis of the Sec7 domain-containing subfamilies of ARF GEFs across eukaryotes. We were able to elucidate the encoded ARF GEF complement in an extensive array of 77 eukaryotic genomes and from this deduce the points in eukaryotic evolution at which the various subfamilies arose. In the case of the lineage-specific subfamilies, we were also able to determine their relationships to the pan-eukaryotic ones. We find that GBF1, BIG, and cytohesin ARF GEFs were present in the LECA, while EFA6, IQSEC7, and FBX8 are opisthokont-, holozoan-, and metazoan-specific, respectively, and derived from cytohesins. We further characterize additional cytohesin-derived subfamilies specific to amoebozoans and members of the SAR plus haptophyte clades. Our analyses have yielded insight not only into the evolution of the individual ARF GEF subfamilies but also that of the ARF GEF system as a whole. These, and previously published data on the ARF GAPs and the ARF GTPases themselves, then allow for broad evolutionary perspective on the three classical components of this GTPase system.

Previous molecular evolutionary analyses of ARF GEF proteins, using the set of eukaryotic genomes available at that time (eight eukaryotic genomes), identified GBF1 and BIG as likely present in the LECA ([@B19]). Here we confirm and extend this analysis using more advanced methodology to enumerate the encoded complement of Sec7 domain-containing proteins in 77 organisms. This complement of over 500 robustly classified proteins provides a jumping-off point for molecular cell biological investigations to better understand organisms that include parasites with major global health relevance (e.g., the causative agents of giardiasis, malaria, and amoebic dysentery), as well as free-living organisms, both single and multicellular, of agricultural and environmental importance. In several of these organisms (e.g*.*, apicomplexans parasites, ciliates), we observed losses of one ARF GEF subfamily but retention or expansion of another, including novel lineage-specific paralogues. Given the utility of BFA and golgicide A as specific inhibitors of a subset of ARF GEFs, it could be attractive to target inhibitor screens for ARF GEFs in these or other pathogens.

Ancient eukaryotic versus lineage-specific ARF GEFs
---------------------------------------------------

Our analyses have enabled us to resolve the relationships between the Sec7 domain-containing ARF GEFs in eukaryotes ([Figure 8](#F8){ref-type="fig"}). Previous analyses had identified GBF1 and BIG as present in taxa across eukaryotes and consequently as likely present in the LECA. From our analyses, we can conclusively deduce that cytohesin must also have been present in the LECA, along with GBF1 and BIG ([Figure 8](#F8){ref-type="fig"}). While the LECA possessed three major subfamilies, notable plasticity was observed in the complement of the descendent lineages. The archaeplastid complement of ARF GEFs appears to have undergone modification with an early loss of cytohesin after the divergence of glaucophytes from red and green algae, with later duplications of BIGs in the common ancestor of green algae and land plants, and of GBF1 in the ancestor of embryophytes. Because these duplications took place well after the loss of cytohesin, the additional paralogues are unlikely to have provided compensatory activity allowing for the losses, as has been used to explain gene losses in other systems ([@B85]). However, once the loss of cytohesin was tolerated, possibly in response to the shift from heterotrophy to photoautotrophy, the duplications of the other ARF GEFs could provide additional material for later elaboration of ARF regulatory systems in archaeplastid evolution. This pattern of loss of canonical eukaryotic machinery in basal archaeplastid lineages, with expansion of machinery later in the land plants, echoes even more extreme examples such as those described within the Rab GTPase family ([@B73]) and other membrane traffic machinery ([@B4]).

![Relationships between the ARF GEF subfamilies deduced from domain composition, BLAST, and phylogenetic analyses. All ARF GEFs are derived from an ancestral Sec7 domain-containing protein. BIG and GBF1 form a clade based on RBHs and domain conservation. Domain composition, RBH, and phylogenetics suggest that IQSEC7, EFA6, ARCC, and TBS are derived from cytohesin. Additional derivations from the holozoan IQSEC7 proteins have resulted in FBX8 and while holozoan and fungal PSD/Syt proteins were derived from a common EFA6 family, indicated in brackets to denote this as a term for the clade deduced as present in the last opisthokont ancestor and now encompassing the animal (PSD) and fungal (Syt) names.](mbc-30-1846-g008){#F8}

The loss of cytohesin in the archaeplastid lineage stands in contrast to the observed diversity and prevalence of cytohesin-derived subfamilies in several other eukaryotic lineages. For example, the TBS subfamily has been previously reported ([@B68]) and here we confirm and extend these findings with the report of TBS proteins in a much larger array of ciliates and apicomplexans, as well as new reports in dinoflagellates and haptophytes ([Figures 1](#F1){ref-type="fig"} and [3A](#F3){ref-type="fig"}). The existence of these proteins, at least the apicomplexan complement, is supported by publicly available proteomic and transcriptomic data (CryptoDB and ToxoDB). The observed taxonomic distribution of TBS proteins can be explained most simply by independent fusion events in the alveolates and haptophytes. We were also able to identify for the first time that TBS is definitely the product of the fusion of a Sec7 domain derived from cytohesin and the TBC domain from the TBC-N family of RabGAPs. The presence of these two domains, which both act in the endosomal system, within the same protein, leads us to predict that the TBS proteins act at endolysosomally derived organelles, potentially rhoptries and micronemes in the apicomplexans. Furthermore, the convergent fusion of these domains, each with well-defined functions, leads us to hypothesize that these may serve as sites of crossalk between ARF and Rab GTPase regulated pathways in alveolates and haptophytes in ways that warrant exploration. Previous data from yeast have also argued for such crosstalk between ARF and Rab signaling (e.g*.*, see [@B46]; [@B64]; [@B24]). Indeed, we speculate that the convergent fusion of cytohesin and TBC-N proteins could be hinting at crosstalk between these two proteins more generally, even in organisms where the fusion has not taken place. Crosstalk between ARF GEFs and Rabs was also seen in studies demonstrating roles for a Rab (Rab4) to recruit BIGs (via ARL1) onto early endosomes, where they act on ARF1 and ARF3 ([@B24]), further highlighting both the complexity and the integration of these regulatory GTPase networks.

We were also able to identify a novel set of cytohesin-derived ARF GEFs containing Ank repeats as well as the C-terminal PH domain, termed the ARCCs. This domain organization has most likely evolved convergently on at least three occasions, based on the large evolutionary distance between the two major groups of taxa in which these proteins are found (i.e*.*, the amoebozoans, alveolates, and haptophytes), and the fact that our phylogenetic analyses of the ARCCs in alveolates and the haptophyte, *E. huxleyi,* showed these as separate clades (Supplemental Figure S4). Ank repeats are ancestral short stretches of alpha helices that have been identified in a large and diverse array of eukaryotic, archaeal, and bacterial proteins ([@B3]). Biochemical and biophysical characterization of these repeats suggests their role in protein--protein interactions ([@B67]). The repeated appearance of Ank repeats in ARF GEFs as well as in multiple ARF GAP subfamilies might suggest the possibility that these different types of ARF regulators share common regulatory systems or possibly even partners, although Ank repeats are also present in GAPs and GEFs acting on other families of GTPase, including the Rabs ([@B79]; [@B40]).

While GBF1, BIG, and cytohesins are found across eukaryotes, the other three ARF GEF subfamilies found in mammals (EFA6/PSD, IQSEC7, and FBX8) are much more restricted in their phylogenetic distribution, all three in fact being lineage-specific duplications of cytohesins just like the TBS and ARCC proteins ([Figure 8](#F8){ref-type="fig"}). We are able to show that EFA6/PSD proteins in animals are orthologous to Syt proteins in fungi, all within the EFA6 subfamily. This means that this protein evolved in the common ancestor of opisthokonts and also that experimental work from Syt1p in yeast is likely relevant to EFA6/PSD protein functions in animals. We also were able to pinpoint IQSEC7 as a holozoan expansion of cytohesin and, surprisingly, that FBX8 was derived from IQSEC7. The latter relation is not predicted from domain composition alone.

Distinct evolutionary dynamics of GBF1/BIG versus cytohesin-derived ARF GEFs
----------------------------------------------------------------------------

The eukaryotic ARF GEFs appear to be following two distinctive evolutionary dynamics. The GBF1 and BIG subfamilies are highly conserved and rarely lost in eukaryotic genomes. In fact, only in the most highly reduced or divergent parasites (e.g*.*, microsporidians, *Giardia*, and *Plasmodium*) did we fail to identify a BIG orthologue, with loss of GBF1 apparently being only slightly more frequent. Such findings point to essential, and distinct, functions for these two subfamilies, despite the sharing of multiple domains outside of the Sec7 domain. Indeed, the domains in BIG and GBF1 are numerous and highly conserved, although distinctive. And yet the domains (DCB, HUS, and HDS) are found in no other eukaryotic proteins. This highly conserved evolutionary dynamic contrasts sharply with the cytohesin family and its derivatives. Here extensive plasticity is observed with losses in some systems, but more strikingly frequent duplication. This, in some cases, yielded multiple cytohesin paralogues (e.g*.*, metazoan, haptophytes, some excavates), but in direct contrast to GBF1 and BIG, yielded novel cytohesin-derived subfamilies through loss and acquisition of novel domains. BIG and GBF1 act in the early secretory system, while cytohesins act in the late secretory and endocytic systems. The overall plasticity of the cytohesin ARF GEFs and derived subfamilies versus the conservation of the GBF1 and BIG subfamilies fits well with observation of other membrane traffic proteins families. That is, in both general surveys and in evolutionary analyses of individual systems or complexes, the proteins that act in the late secretory and endocytic systems tend to be more patchily distributed and show greater evidence of losses and compensatory duplications ([@B31]; [@B78]). For example, COPI and COPII coats are infrequently lost or reduced and at the same time infrequently elaborated on, as compared with the array of coats found to act toward membrane traffic systems in the cell periphery, such as AP3-5, or TSET ([@B31]; [@B41]; [@B77]).

Reconstructing the ARF regulatory system in the LECA
----------------------------------------------------

The above analyses allow, for the first time, a holistic view of the evolution of an entire GEF--GTPase--GAP system and its reconstruction in the LECA. While previous analyses have pointed to the presence of a single ([@B57]; [@B5]) or more likely two (R. Petrželková and M. Eliáš, personal communication) ARF GTPases and of six ARF GAPs in the LECA, the data presented here indicate the presence of three ARF GEFs. This suggests a much simpler cellular configuration of this system in the LECA, as compared with conventionally studied systems ([@B19]; [@B48]) ([Figure 9](#F9){ref-type="fig"}). The presence of one or two ARF GTPase(s) would indicate that these ancestral homologue(s) would have been able to act at multiple organelles, a task that has likely been divided between up to six ARF proteins that may act in pairs or other combinations in mammals ([@B90]). This would imply that ARF specificity is not encoded in the ARFs themselves, but rather by the combined actions of the ARF regulators (GAPs and GEFs) and effectors. This may still be the case in extant organisms even with larger numbers of GAPs, GEFs, and GTPases. Alternatively, any organelle specificity encoded by ARFs in extant organisms, such as mammals, may be the result of lineage-specific evolution. The finding that the GAPs outnumber both the GEFs and the GTPases suggests that it is the GAPs that drive the complexity within this system. This is also consistent with the conclusion that ARF GAPs act as both effectors (downstream mediators of the biological signal) and terminators of GTPase signaling (as a consequence of their GTPase stimulating activity) ([@B94]; [@B27]). Multiple GAPs would greatly increase the potential for crosstalk and integration of signals between parallel pathways but cannot be responsible for the specific targeting of ARFs to membranes, as their association with the GTPase requires the GTP-bound form. Although we cannot say with certainty whether the GAPs or the GEFs expanded first, given the comparative numbers in the LECA, it is tempting to speculate that the GAPs were the first components in this system to expand, followed by the GEFs, and eventually the ARFs themselves. This scenario would indicate a period during which early eukaryotes possessed multiple GAPs, a single GEF, and a single GTPase. Such a scenario might invoke the necessity of additional upstream regulatory components in order to recruit the GEF and the ARF to the appropriate membrane. Hints to this type of regulation have already been observed; the recruitment and activation of the *S. cerevisiae* Sec7p require interaction with ARL1, Ypt1, Ypt31, and ARF1 ([@B64]). Note that although there was only one, or at most two, ARFs in the LECA, there were already more than a dozen members of the ARF family of GTPases, most of which are ARF-likes (ARLs), and, like ARL1 in this example, may be acting in similar pathways to those of the ARFs, despite not being activated by the ARF GEFs. Further analyses are required to confirm the conservation of this regulation in other systems and to identify upstream mechanisms of this nature for other ARF GEFs but could nonetheless provide a basis for the targeting of a single GEF to different membranes in early eukaryotes.

![Tracing the expansion of ARF/ARF GEF/ARF GAP proteins across eukaryotes. Predicted evolutionary expansion events in the ARF GTPase and its regulators across eukaryotes with primary focus on vertebrata expansions. Of all eukaryotic lineages, the majority of the ARF GTPase, GEF, and GAP expansion events occurred within opisthokonta with the largest diversity occurring on transition into vertebrates. Schematic exclusively depicts duplication events (and not losses) traced in the current study as well as previous published and unpublished comparative analyses on ARF and ARF GAP evolution across eukaryotes ([@B79]; [@B63]).](mbc-30-1846-g009){#F9}

Identifying the site of action and the in vivo function of the lineage-specific, novel ARF GEFs identified here, as well as the novel ARF GAPC2 described earlier ([@B79]), will greatly enhance our understanding of the range of functions carried out by these ARF regulators. Similarly, further characterization of ARF GEFs in non-standard model systems should identify both novel functionality and conserved roles for ARF GEFs in membrane trafficking. The technological development of such non-standard model systems represents a tremendous opportunity to explore the diversity of membrane-trafficking biology in eukaryotes.

Evolution of ARF GAPs and ARF GEFs in vertebrates mimics the evolution of ARFs
------------------------------------------------------------------------------

The patterns of ARF GAP and ARF GEF duplication observed in vertebrates are quite similar to the pattern of duplications seen for the ARFs. [@B63] demonstrated that the ancestral opisthokont possessed two ARF proteins, progenitors of the class I/II ARFs and a class III ARF ([Figure 9](#F9){ref-type="fig"}). The class I/II progenitor duplicated near the ancestor of metazoa and choanoflagellates to produce distinct class I and II ARFs ([Figure 9](#F9){ref-type="fig"}) ([@B63]). Near the base of vertebrates, these ARFs duplicated again; the class I ARF duplicated twice, producing ARFs 1--3, and the class II ARF underwent a single duplication, producing ARFs 4 and 5 ([Figure 9](#F9){ref-type="fig"}). Although the pattern of ARF GAP subfamilies is more complex, the overall patterns are strikingly similar with all subfamilies, except for ARF GAP1, undergoing one or two gene duplications in the vertebrate ancestor ([@B79]) ([Figure 9](#F9){ref-type="fig"}). Although the correlation is less strong, a similar pattern is observed for the ARF GEFs: IQSEC7 has undergone two duplications at the base of vertebrates, EFA6 and cytohesin have undergone three gene duplications, and BIG has duplicated only once in vertebrates ([Figure 9](#F9){ref-type="fig"}). While in the case of the GEFs, this correlation does not align perfectly with experimentally established substrate preferences, it should be remembered that the majority of ARF--ARF GEF interactions are analyzed from the perspective of their interactions with ARF1 and ARF6. That is, testing of substrate specificities among those Sec7 domain proteins shown to possess ARF GEF activity is limited and quite incomplete ([@B88]). One exception would be the interaction of GBF1 with ARF4 and ARF5 at the ERGIC ([@B15]); however, this may be a special case, as GBF1 has also been shown to localize to the TGN through interactions with ARF1 ([@B91]).

Our analyses are expected to allow researchers to further dissect the interactions of the GEF regulatory system to generate stronger, testable hypotheses regarding their functions as enzymes and in cells based on proposed evolutionary relationships. In metazoa in particular, the multiple whole genome duplications concurrent with the emergence of vertebrates would have generated multiple paralogues of each of the ARF GEF subfamilies. While there is undoubtedly some degree of contingency at play, the subsequent evolutionary fate of these paralogues could well be indicative of their cellular roles or importance. In some cases, such as the cytohesins and related proteins, the paralogues have been largely retained and cannot simply be explained by tissue-specific expression. This suggests that there may have been some selective benefit to redundancy or subtle diversity of function between the family members and that these subtle differences could be teased out by knockout or complementation approaches. By contrast, the fact that GBF1 has been retained in a single copy could suggest that there was a selection against multiple paralogues, with the protein playing a central role in trafficking that redundancy might have disrupted. This predicts that GBF1 should be very difficult to knockout or knockdown without dire consequences to the cell.

On a larger scale, our work raises predictions about the regulatory network in general. ARF GAPs and ARF GEFs may also act on other proteins, the most obvious would be the ARLs, as the animal ARLs share 40--60% primary sequence identity with animal ARFs. This promiscuity of GAP and GEF action on ARF and ARL GTPases has been suggested to be the case for the *S. cerevisiae* GEF Syt1p, which is proposed to mediate exchange on ARL1p and for Gcs1p (a *S. cerevisiae* ARF GAP) acting as a GAP for ARL1p ([@B58]; [@B12]), although the much slower turnover rates raise questions about the biological significance of this activity. Further analyses will be required to assess the biological implications of these interactions and to determine whether they represent solitary cases of ARF GAPs and GEFs able to regulate ARLs. The current lack of information regarding ARL GEFs and GAPs is clearly hampering development of stronger and more global models of signaling by the ARF family in general ([@B88]). The only known ARL GEF activity described to date is that of ARL13B acting on ARL3 ([@B39]; [@B43]). As ARL3 at least is predicted to have orthologues in the LECA, it will be interesting to see whether other examples of one GTPase acting directly on another may be found ([@B57]). Much more analysis will be needed to integrate the other ARF-related GTPases (i.e*.*, ARLs and Sar), as well as their regulators, into this story both from an evolutionary and a molecular cell biological perspective.

The best characterized ARL GAPs, the ELMOD proteins, were also present in the LECA and have activity as GAPs for both ARLs and ARFs despite lacking the ARF GAP domain ([@B26]; [@B44]). These results clearly demonstrate the potential for ARFs and ARLs to share far more commonality in biochemical and cellular signaling than is currently envisioned. We would be remiss in ending without pointing out the real possibility that this also raises the possibility of there being proteins with ARF GEF activity that lack the Sec7 domain. Such a finding, currently pure speculation, would obviously add greatly to the complexity of signaling by ARF family GTPases, which is already complex enough.

Conclusions
-----------

In summary, our comprehensive evolutionary analyses of the ARF GEF protein family have established a concrete dataset of proteins and novel functional hypotheses for further testing. It has established the complement of ARF GEF proteins present in the eukaryotic common ancestor as well as resolved the relationships of the lineage-specific ARF GEFs, including those of the human complement. Finally, we can present for the first time an integrated perspective on the ARF system of GEFs--GTPases--GAPs and in doing so, we believe a richer understanding of how the bidirectional membrane trafficking systems in eukaryotes have evolved and may be regulated.

MATERIALS AND METHODS
=====================

Genome and sequence collections
-------------------------------

A total of 77 genomes were obtained from a variety of databases at the NCBI, the Joint Genomes Institute, and lineage-specific databases. These genomes were chosen due to their overall quality (depth of coverage/annotation), completeness, and ability to represent different lineages within the diversity of eukaryotes that fall within the major taxonomic supergroups. We noted that, in the case of the haptophytes, cryptophytes, and rhizarians, the taxon sampling was restricted due to genome sequence availability. These represent exciting areas for future sampling of genomic diversity. Consequently, we have been cautious in our conclusions regarding these taxa given the limited data. Owing to the pattern of duplications that we observed in opisthokonta (animal and fungal lineages), a larger number of genomes was sampled to more accurately trace their evolutionary origins. The genomes analyzed and links to databases mined are listed in Supplemental Table S1.

Comparative genomics
--------------------

Searches were initiated by first obtaining and isolating the conserved Sec7 domains from all identified ARF GEFs from *H. sapiens and S. cerevisiae* using the extraseq program available through EMBOSS explorer ([www.bioinformatics.nl/cgi-bin/emboss/extractseq](http://www.bioinformatics.nl/cgi-bin/emboss/extractseq)). The Sec7 domains from this group of 20 proteins (15 from *H. sapiens* and 5 from *S. cerevisiae*) were subsequently aligned using the MUSCLE alignment tool ([@B29]). The resulting alignment was then used to generate a seed hidden Markov model (HMM) matrix to iteratively search close relatives of *H. sapiens* and *S. cerevisiae* within the opisthokonta supergroup using the hmmsearch tool available through the HMMER3 package (<http://hmmer.org>) ([@B28]). Hits below an e-value cutoff of 0.05 were analyzed by the RBH method ([@B79]). Retrieval of *H. sapiens* ARF GEFs as best hits were kept as candidates. These hits were screened for the Sec7 domain using the Conserved Domain Database (CDD, available through the NCBI) and a domain extraction was carried out as described above. The resulting Sec7 domains were then incorporated into the starting HMM for HMMER searches into more distantly related genomes with the iterative identification and addition of Sec7 domains to previous alignment. This process was repeated for a total of 77 genomes from the five major eukaryotic supergroups and three extra-supergroup taxa. A final search, using a global HMM matrix containing Sec7 domains from a total of 503 identified proteins, was performed in all 77 query genomes in order to identify any distantly related proteins that may have been missed in any previous searches. This resulted in identification of three more Sec7 domain-containing proteins. Given that the final HMM was built from taxa across the breadth of eukaryotes, chosen to be taxonomically balanced, this should mitigate and reduce any bias toward the model organisms of yeast or mammalian cells and should be well-suited to detect Sec7 proteins in diverse eukaryotes. A total of 506 Sec7 domain-containing proteins were identified and all full-length protein sequences were subject to RBH, as described above for preliminary orthology assignment. All identified protein sequence loci and their corresponding annotations are listed in Supplemental Table S2. Searches for TBC domain-containing proteins were carried out using an HMM derived from the seed alignment for the RabGAP-TBC (PF00566) entry in Pfam. All hits with a minimum e-value of 0.05 were subject to further reciprocal BLASTp and domain analyses, as described above. All identified sequence loci for the TBC protein searches are summarized in Supplemental Table S3. In all cases, identified ORFs with boldface indicate orthology based on meeting the RBH criteria and, when relevant, robust phylogenetic classification. *H. sapiens* top RBH as well as the next best non-orthologous hits, and their e-values are also listed in both Supplemental Tables S2 and S3.

Domain analyses
---------------

Further validation of orthology of all 506 identified Sec7 domain-containing proteins were subject to additional defining domain analyses flanking either upstream or downstream of the conserved Sec7 domain using InterProScan (available through European Molecular Biology Laboratory; [www.ebi.ac.uk/interpro/search/sequence-search](https://www.ebi.ac.uk/interpro/search/sequence-search)), the CDD (available through the the NCBI; [www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi](https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)), and Pfam (available through the European Bioinformatics Institute; <https://pfam.xfam.org/>). InterProScan analyses were carried out using the default parameters with all 14 algorithms selected. Pfam searches were carried out with an e-value cut-off set at 0.01 and CDD searches were carried out using the default parameters to search the CDD v3.16 database with an e-value cutoff set at 0.01. In all cases, full-length sequences were used. Sec7 domain-containing proteins lacking other defining domains were left as putative ARF GEFs and are indicated in regular font and as a lighter color in Supplemental Table S2 and the Coulson plot ([Figure 2](#F2){ref-type="fig"}), respectively. In cases where neither domain analyses nor reciprocal BLASTp was conclusive to enable assignment to a specific protein family, proteins were termed Rogue ARF GEFs. Only seven of the 506 proteins analyzed failed to be assigned into a specific subfamily and were kept as Rogues. All domain analysis results, for Sec7 domain-containing proteins and TBC domain-­containing proteins, are summarized in Supplemental Tables S2 and S3, respectively.

Phylogenetic analyses
---------------------

Phylogenetic analyses were carried out on the identified Sec7 domain-containing sequences using the extracted Sec7 domains isolated using the protocol described above. Sequences for specific phylogenetic hypothesis testing were first aligned using MUSCLE v. 3.8.31 ([@B29]). All alignments were subsequently inspected and manually trimmed using Mesquite v. 3.5 ([www.mesquiteproject.org/](https://www.mesquiteproject.org/)) to remove heterogeneous regions lacking obvious homology and partial or misaligned sequences ([@B61]).

Maximum likelihood analysis was undertaken using two separate tools; RAxML-HPC2 on XSEDE v.8.2.10 and IQTREE v.1.6.6, with the first for non-parametric bootstrapping and the latter for ultrafast bootstrapping ([@B87]; [@B66]; [@B69]). The best protein matrix model for RAxML was tested using ProtTest v.3.4.2 ([@B1]) set to account for Gamma rate variation (+G), invariant sites (+I), and observed frequency of amino acids (+F) with the default tree. Non-parametric bootstrapping was carried out by running 100 pseudoreplicates with the default tree faster hill climbing method (-f b, -b, -N 100), and a consensus tree was obtained using the Consense package, available through the Phylip v.3.66 package ([@B30]). RAxML analyses were performed on the Cyberinfrastructure for the Phylogenetic Research (CIPRES)webserver ([@B65]). Ultrafast bootstrapping was performed using IQTREE ([@B66]; [@B69]). Model testing was performed using the in-built ModelFinder program with the best model selected according to the BIC criterion, and 1000 pseudoreplicates were obtained until tree convergence reached default convergence coefficient ([@B50]). IQTREE tree building was carried out locally.

Bayesian inference was carried out using PhyloBayes v.3.3f using an empirical matrix, LG, and analyses were run using parameters specifying a sample size of 100 trees and burnin fraction of 20% until splits frequency fell below 0.1 ensuring tree convergence ([@B56]). PhyloBayes analyses were performed on a local computing cluster. In the few instances (pan-eukaryotic BIG and GBF1, BIG only, and cytohesin phylogenetic analyses) where PhyloBayes analyses failed to converge despite running for several thousand CPU hours, an alternate tool, MRBAYES on XSEDE v3.2.6, was used and run on CIPRES ([@B42]). Parameters specified included 10 million Markov chain Monte Carlo generations under a mixed amino acid model with the number of gamma rate categories set at 4. Sampling frequency was set to occur every 1000 generations with a burnin fraction of 25%. Tree convergence was ensured when the average SD of split frequency values fell below 0.01. Both non-parametric and ultrafast bootstraps as well as Bayesian posterior probabilities were overlaid on the best Bayes topology with a combined value of greater than 50, 95, and 0.80, respectively, indicating node support. Tree visualization and rooting was carried out in FigTree v.1.4.4 ([@B76]). Node support value overlay and additional annotations were prepared using Adobe Illustrator CS4. All alignments available on request.

Of note, a global Sec7 phylogeny was carried out using only the Sec7 domain from all 506 identified ARF GEFs in order to confirm the classifications based on homology searching. However, the resulting phylogeny remained unresolved (data available on request).
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Ank

:   ankyrin

ARCC

:   ankyrin repeat-containing cytohesin

ARF

:   ADP-ribosylation factor

BFA

:   brefeldin A

BIG

:   BFA-inhibited ARF GEF

BRAG

:   BFA-resistant ARF GEF (herein using IQSEC7; IQ motif and Sec7 domain-containing protein)

DCB

:   dimerization and cyclophilin binding

EFA6

:   exchange factor for ARF6

ER

:   endoplasmic reticulum

ERGIC

:   ER-Golgi intermediate compartment GAP

FBX8

:   F-box only protein 8

GAP

:   GTPase-activating protein

GBF1

:   Golgi BFA resistant factor 1

GEF

:   guanine nucleotide exchange factor

HDS

:   homology downstream of Sec7

HMM

:   hidden Markov model

HUS

:   homology upstream of Sec7

LECA

:   last eukaryotic common ancestor

nr

:   nonredundant

OPH

:   organelle paralogy hypothesis

PSD

:   *P*H and *S*ec7 *d*omain

RBH

:   reciprocal best hit

TBC

:   Tre-2/Bub2/Cdc16

TBS

:   TBC and Sec7

TGN

:   *trans*-­Golgi network.
